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Abstract 24 
Aerosol optical thickness (𝜏aer) is a fundamental parameter for analyzing aerosol loading and 25 
associated radiative effects. 𝜏aer can constrain many inversion algorithms using passive/active 26 
sensor measurements to retrieve other aerosol properties and/or the abundance of trace gases. In 27 
the next wave of spectroradiometric observations from geostationary platforms, we envision that 28 
a strategically distributed network of robust, well-calibrated ground-based spectroradiometers 29 
will comprehensively complement spaceborne measurements in spectral and temporal domains. 30 
Spectral 𝜏aer can be accurately obtained from direct-Sun measurements based on the Langley 31 
calibration method, which allows for the analysis of distinct spectral features of the calibration 32 
results. In this study, we present a spectral 𝜏aer retrieval algorithm for an in-house developed, 33 
field deployable spectroradiometer instrument covering wavelengths from ultraviolet to near-34 
infrared (UV-Vis-NIR). The spectral total optical thickness obtained from the Langley 35 
calibration method is partitioned into molecular and particulate components by utilizing a least-36 
squares method. The resulting high temporal-resolution 𝜏aer and Ångström Exponent can be used 37 
effectively for cloud screening. The new algorithm was applied to months-long measurements 38 
acquired from the rooftop at NASA Goddard Space Flight Center’s Building 33. The retrieved 39 𝜏aer demonstrated excellent agreement with those from well-calibrated Aerosol Robotic Network 40 
(AERONET) sunphotometers at all overlapping wavelengths (correlation coefficients higher 41 
than 0.98). In addition, empirical stray light corrections considerably improved 𝜏aer retrievals at 42 
short wavelengths in the UV. The continuous spectrum of 𝜏aer from UV-Vis-NIR 43 
spectroradiometers is expected to provide more informative constraints for retrieval of additional 44 
aerosol properties such as refractive indices, size, and bulk vertical distribution. 45 
1 Introduction 46 
Monitoring spatial and temporal distributions of atmospheric trace gases and aerosols is 47 
key to understanding their impacts on climate change [IPCC, 2013, and references therein] and 48 
human health [Kampa and Castanas, 2008, and references therein]. Remote sensing and 49 
retrievals using hyperspectral measurements from ground-based networks and low-earth-orbit 50 
(LEO) platforms have provided extensive spatial (both vertically and horizontally) information 51 
on trace gases and aerosols [e.g., Hönninger et al., 2004; Wagner et al., 2008, and references 52 
therein]. Previous and ongoing LEO satellite missions including the Global Ozone Monitoring 53 
Experiment (GOME) 1 and 2 [Burrows et al., 1999; Munro et al., 2016], the Scanning Imaging 54 
Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) [Bovensmann et al., 55 
1999], and the Ozone Monitoring Instrument (OMI) [Levelt et al., 2006], have successfully 56 
monitored the global distribution of atmospheric trace gases, aerosols, and clouds using these 57 
techniques. Future hyperspectral sensors under development for geostationary satellites will 58 
provide higher spatial and temporal resolution of measurements, thereby improving trace gas and 59 
aerosol retrievals across North America, Europe and Southeast-East Asia [e.g., Ingmann et al., 60 
2012; Tsay et al., 2016; Zoogman et al., 2017]. Thus, reliable networked ground-based 61 
measurements are essential to provide independent measurements and ancillary information for 62 
calibrating and validating (or consistency checking) satellite-based products. The National 63 
Aeronautics and Space Administration (NASA) has operated intensive global ground-based 64 
networks including the AErosol RObotic NETwork (AERONET) and the Micro-Pulse Lidar 65 
Network (MPLNET) largely for such purposes [e.g., Holben et al., 1998; Welton et al., 2001]. 66 
Complimenting these instruments with ground-based spectroradiometers will further enhance the 67 
monitoring capabilities and increase measurement fidelity of atmospheric trace gases and 68 
aerosols from satellites. 69 
Spectral optical thickness of aerosol (𝜏aer) is the basic quantity of aerosol retrieval 70 
algorithms that is related to the amount and microphysical properties of aerosol particles [e.g., 71 
Grassl, 1971; King et al., 1978; Torres et al., 2016; Yamamoto and Tanaka, 1969]. Additionally, 72 
direct-Sun 𝜏aer measurements also have been used as central constraints for inversion algorithms 73 
of additional aerosol properties (e.g., size distribution, complex refractive indices and bulk 74 
vertical distribution) that use diffuse sky radiance or polarization measurements from the ground-75 
based instruments [e.g., Dubovik and King, 2000; Xu et al., 2015]. Such detailed information on 76 
aerosol properties helps to identify their sources and understand their radiative effects in the 77 
atmosphere [Dubovik et al., 2002]. Furthermore, incorrect optical properties of aerosols are a 78 
major source of error for several trace gas retrievals, since they affect the light path length of 79 
trace gas absorption [e.g., Chimot et al., 2017; Hong et al., 2017; Torres and Bhartia, 1999]. 80 
Particularly, the 𝜏aer, vertical distribution and microphysical properties of aerosols were found to 81 
be a significant factor of light path length [e.g., Hong et al., 2017; Leitão et al., 2010; Lin et al., 82 
2014; Yang et al., 2014]. 83 
Major error sources of ground-based direct-Sun 𝜏aer retrievals include instrument 84 
stability, radiometric calibration (i.e., gain, linearity, and offset), and cloud masking methods 85 
[Holben et al., 1998; Smirnov et al., 2000]. The calibration constant (or gain) of direct-Sun 86 
measurements traditionally stems from the Langley method based on the Beer-Lambert-Bouguer 87 
(B-B-L) law, which provides the top of the atmosphere (TOA) irradiance estimates for zero 88 
optical depth, as a result of a regression between air mass and surface solar irradiance [Langley, 89 
1881]. Although the Langley method is quite simple and straightforward, there are various 90 
implementation options for measured data (e.g., plotting method, other instrument calibration 91 
methods, selection of Langley events, calculation of relative air mass, gas absorptions, Rayleigh 92 
scattering) [e.g., Holben et al., 1998; Schotland and Lea, 1986; Shaw, 1982, 1983; Slusser et al., 93 
2000; Thomason et al., 1983; Wilson and Forgan, 1995]. Therefore, development of an objective 94 
Langley calibration method will help to successfully make use of spectral information obtained 95 
from spectroradiometer measurements. 96 
Charge-coupled device (CCD)-based instruments provide radiance measurements with 97 
high spectral resolution and sensitivity, making them useful for both trace gas and aerosol 98 
retrievals. However, since CCDs are sensitive to field conditions, such as temperature, humidity, 99 
etc., it is important to consistently monitor and calibrate the instruments to reduce drift in errors 100 
over time. This study aims to develop a stable and effective field absolute calibration method for 101 
spectroradiometers using direct-Sun measurements. Whereas prior studies typically have 102 
implemented the Langley calibration for a single wavelength or discrete channels independently 103 
[e.g., Holben et al., 1998; Schotland and Lea, 1986; Slusser et al., 2000; Wilson and Forgan, 104 
1995], this study uses the spectral features of Langley calibration results to take advantage of 105 
simultaneous hyperspectral measurements. 106 
107 
2 Instrumentation 108 
Radiance and irradiance are the two fundamental quantities in remote sensing 109 
applications. In conjunction with the broadband radiometer array (for irradiance) [Ji and Tsay, 110 
2010; Ji et al., 2011], multiple copies of an in-house built ultraviolet-visible-near-infrared (UV-111 
Vis-NIR) spectroradiometer (for radiance) constitute SMART (Spectral Measurements for 112 
Atmospheric Radiative Transfer, cf. https://smartlabs.gsfc.nasa.gov/) network units that facilitate 113 
a surface strategic distribution for remote sensing of atmospheric radiation (e.g., Tsay et al., 114 
2016). The UV-Vis-NIR spectroradiometer, originally developed by the Pandora network group 115 
at NASA Goddard Space Flight Center, covers a 280 – 820 nm spectral range (with about 1 nm 116 
resolution and ~3.7x oversampling) and utilizes a small commercially available spectrometer 117 
(AvaSpec-ULS2048x64, Avantes, cf. https://www.avantes.com/) with high-stability, high-118 
sensitivity and low-noise. The spectrometer uses a symmetric Czerny-Turner system with a 2048 119 
x 64 backthinned Hamamatsu CCD [Herman et al., 2015]. The spectral range covers several gas 120 
absorption bands including O2, O3, NO2, SO2, HCHO, and H2O (Figure 1a). Most of the major 121 
components (e.g., fore optics, Sun-and-sky tracker, data acquisition) of the UV-Vis-NIR 122 
spectroradiometer are similar or identical to the standard Pandora spectrometer system, which is 123 
used to retrieve total columns of ozone and other trace gases in the atmosphere from direct-Sun 124 
measurements [Herman et al., 2009, 2015; Tzortziou et al., 2012]. 125 
The optical head contains two rotating filter wheels. One contains 4 neutral density (ND) 126 
filters (to increase dynamic range by a factor of 104) and the other includes a U340 filter (to 127 
block stray light from the visible spectrum), a ground-fused silica diffuser (diffuser hereafter, for 128 
trace gas and aerosol retrievals) and an opaque filter (dark current measurements) for spectral 129 
band-pass filtering. Combinations of a variable exposure time (4 – 4000 ms) and ND filters yield 130 
a dynamic range up to 107, which allows for the radiance measurement of both direct-Sun and 131 
diffuse-sky throughout the day. Without clouds in direct-Sun mode, the 132 
spectroradiometer averages about 4000 measurements in 20 seconds. The field of view (FOV) 133 
for direct-Sun observations using a diffuser is about 2.2°. The diffuser broadens the FOV and 134 
helps to evenly distribute light and eliminate bright spots. For sky observations without a 135 
diffuser, the FOV is about 1.6°. A 400-µm-diameter core fiber optic cable connects the optical 136 
head, which is mounted on a Sun-tracker (or sky-scanner), to the spectrometer. The spectrometer 137 
is mounted inside an insulated enclosure with thermoelectric cooling, which reduces 138 
measurement errors due to variations in spectrometer temperature (the temperature was 139 
stabilized between 19.0 - 24.5 ℃ during day time in this study). An example of measured 140 
spectral mean count rate using the diffuser and U340 filter is shown in Figure 1b, which are 141 
acquired at Mauna Loa Observatory (19.54 °N latitude, 155.58 °W longitude, 3397 m altitude) 142 
on 19 May 2017. Although most of the visible light is screened by U340 filter, there is a leak in 143 
the filter around 720 nm which can cause spectral out-of-band (OOB) stray light errors in the UV 144 
measurements. 145 
146 
147 
Figure 1. (a) Absorption cross-sections of several atmospheric gases convolved with spectral 148 
response functions within the spectral range of UV-Vis-NIR spectroradiometer. (b) Mean voltage 149 
counts using a diffuser and U340 filter measured at the Mauna Loa Observatory (19.54 °N, 150 
155.58 °W, 3397 m altitude) on 19 May 2017. Note that plots in panels (a) and (b) were scaled to 151 
similar value for qualitative comparison. 152 
153 
In this study, we use data measured on the rooftop of the NASA Goddard Space Flight 154 
Center Building 33 (38.99 °N latitude, 76.84 °W longitude) for 3 months from 20 October 2016 155 
to 19 January 2017. We additionally use AERONET products (version 3.0 and level 2.0) to 156 
compare 𝜏aer retrievals from UV-Vis-NIR spectroradiometer during the measurement period. 157 
AERONET is a NASA-funded global network of automatic Sun-tracking and sky-scanning 158 
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spectroradiometers [Holben et al., 1998]. The instrument measures direct-Sun with a 1.2° FOV 159 
at discrete channels from UV to NIR (i.e., 340, 380, 440, 500, 675, 870, 940, 1020, and 1640 160 
nm). The direct-Sun measurements take about 10 seconds to scan all filter wheels in front of the 161 
detector for each wavelength. The filters are ion-assisted deposition interference filters with full-162 
width-half-maximum of 2 nm for 340 nm, 4 nm for 380 nm, and 10 nm for all other channels. 163 
The nominal uncertainty of 𝜏aer from AERONET is estimated to be about 0.01 in the Vis-NIR 164 
and about 0.02 in the UV channels [Eck et al., 1999]. Further information on AERONET 165 
including calibration, retrieval and cloud-screening algorithm are described in Holben et al. 166 
(1998), Smirnov et al. (2000), and Eck et al. (1999). 167 
168 
3 Laboratory and Field Calibrations 169 
Accurate and consistent calibration is critical for operations of widely distributed network 170 
instruments. The NASA Pandora network group established a sophisticated, automatic 171 
calibration procedure that utilizes a variety of narrow-line and broadband emission lamps with 172 
temperature control [e.g., Herman et al., 2015]. In this section, we describe additional calibration 173 
efforts that are significant for aerosol retrievals. 174 
175 
3.1. Linearity and offset 176 
Reliable radiometric calibrations of linearity, offset and gain provide a means to produce 177 
quality 𝜏aer measurements. For example, spectroradiometer nonlinearity effects produce around 178 
3% radiometric uncertainty at high counts; however, these effects are negligible at low counts 179 
[Herman et al., 2015]. We characterized linearity in the laboratory using a stabilized 1000 W 180 
FEL-lamp with various exposure times to find the saturation level where nonlinearity effects 181 
were significant. During operation, the exposure time was limited so as not to exceed this 182 
predetermined saturation level [Herman et al., 2015]. The dark current and offset (caused by 183 
thermally excited electrons in the sensor that are incident within the conduction band that collect 184 
in the CCD wells) were corrected by subtracting the equivalent opaque filter measurement from 185 
the observations. 186 
187 
3.2. Filter transmittance 188 
To characterize the spectral transmittances of the ND filters, we measured instrument 189 
counts in the laboratory using a stabilized FEL-lamp and different combinations of ND filters. 190 
Although the filter transmittances can change over time, especially when the instrument is 191 
deployed in the field for a long period, such variations are mostly compensated by the periodic 192 
Langley calibration. The ratios of transmittances between different ND filters (hereafter, relative 193 
filter transmittance) require higher accuracy than their absolute transmittances to obtain the same 194 
gains with different ND filters. On a cloud-free morning, the position of ND filter gradually 195 
moves to more opaque filter as the air mass becomes smaller (solar intensity becomes larger). In 196 
the field, the relative filter transmittances were calculated from the ratio between two 197 
consecutive counts with different ND filter positions. Counts of prior filter positions were 198 
weighted by temporal extrapolation to later filter positions. Relative ND filter transmittances 199 
were only updated during Langley events (clear days). The recorded counts from different ND 200 
filter positions were normalized to the most frequent ND filter position during the Langley 201 
events using the obtained relative transmittances (ND3 filter in this study). 202 
203 
3.3. Spectral registration 204 
The wavelength of each detector was first registered in the laboratory using known 205 
narrow emission lines from multiple lamps that cover most of spectral range at several 206 
spectrometer temperatures (i.e., 12, 20, and 28 ℃). For better stability of the wavelength 207 
registration for the entire spectral range used for aerosol retrieval (330 – 800 nm in this study), 208 
we performed a nonlinear least-squares method to fit the instrument spectrum to a known 209 
reference spectrum after the methods of Casper and Chance, (1997) and Marquardt (1963). The 210 
reference spectrum for the spectral registration is the theoretical values of spectral solar 211 
irradiance at the bottom of the atmosphere (BOA), which is calculated based on the B-B-L law 212 
using the TOA solar spectrum and atmospheric attenuation as follows: 213 
214 𝐹#(𝜆) = 𝐹((𝜆)exp,−.𝑚0(𝜆)𝜏0(𝜆)0 1	 	(1) 215 
216 
where 𝐹#(𝜆) and 𝐹((𝜆) are the BOA and TOA solar irradiance at wavelength λ, and 𝑚0(𝜆) and 217 𝜏0(𝜆) are the relative air mass and optical thickness of the ith attenuating species in the 218 
atmosphere at λ, respectively. The relative air mass is a ratio of optical thicknesses between a 219 
known slant path to the vertical path. Rayleigh scattering and gas absorptions are factored into 220 
the calculation of the reference spectrum in Equation 1. We used the recent version of 221 
Smithsonian Astrophysical Observatory reference spectrum for the 𝐹((𝜆) [Chance and Kurucz, 222 
2010]. The sources of the gaseous cross-sections are listed in Table 1. 223 
224 
Table 1. Absorption cross-section database sources used for wavelength registration and spectral 225 
fitting for 𝜏aer. 226 
Species Wavelength registration Spectral fitting for 𝜏aer 
O2 HITRANa (Rothman et al., 2013) Langley optical thickness 
O3 Brion at al., 1993, 1998 Brion at al., 1993, 1998 
O4 Greenblatt et al., 1990 Greenblatt et al., 1990 
SO2 Vandaele et al., 1994 Vandaele et al., 1994 
HCHO HITRAN (Chance and Orphal, 2011) HITRAN (Chance and Orphal, 2011) 
H2O HITRAN (Rothman et al., 2013) Langley optical thickness 
NO2 HITRAN (Rothman et al., 2013) HITRAN (Rothman et al., 2013) 
aHIgh-resolution TRANsmission molecular absorption database 227 
228 
The nonlinear least-squares method for the spectral registration minimizes the following 229 
cost function to force measured spectral features to converge with a known or theoretical solar 230 
spectrum and/or gas absorption bands [Casper and Chance, 1997]: 231 
232 
𝜒5 = .[𝐶0 − {𝑃: + 𝑃<𝑖 + 𝑃5𝑖5 + 𝑃>𝑖> + (1 + 𝑠)𝑓(𝐹#,Φ, 𝜆0)}]50 																																																(2) 233 
234 
where 𝜒 is the cost function, Ci is the measured voltage counts at ith detector, Ps are the 235 
regression coefficients of polynomials, s is the scale factor, and f is a function that returns 𝐹# 236 
convolved with a slit function (Φ) at the wavelength modulated by shift and squeeze parameters 237 
(𝜆0) as in the following equation: 238 
239 𝜆0 = 𝜆F + 𝑑𝜆 + H𝜆I − 𝜆FJ(1+ ∆𝜆),																																																																																																			(3) 240 
241 
where 𝜆I is the wavelength information before modulation, 𝜆F is the mean value of 𝜆I at a target 242 
wavelength range, and 𝑑𝜆 and ∆𝜆 are the spectral shift and squeeze parameter, respectively. The 243 
spectral registration was performed for narrower windows (~100 nm), rather than for the whole 244 
wavelength range at a time, to improve numerical stability and to compensate for the higher-245 
order squeeze term. An example of the spectral registration results for the three wavelength 246 
windows of the spectrometer are shown in Figure 2, where small shifts can be seen from the 247 
uncalibrated spectrum (blue) to the calibrated spectrum (red). Note that offsets between the 248 
theoretical solar spectrum and measurements are not relevant, since the measurements are 249 
acquired before radiometric calibration. The offsets are compensated by the low-order-250 
polynomials in Equation 2, and typically have negligible effects on spectral registration. 251 
252 
253 
Figure 2. Wavelength registration results using a nonlinear least squares method at (a) 350 – 254 
450, (b) 480 – 600, and (c) 680 – 780 nm. The black line represents theoretical bottom of the 255 
atmosphere irradiance. The blue and red lines represent arbitrarily scaled measurements before 256 
and after spectral registration, respectively. 257 
258 
3.4. Out-of-field (OOF) stray light correction 259 
For typical direct-Sun measurements using a narrow FOV collimator, spatial out-of-field 260 
(OOF) stray light due to diffuse light (scattered light coming into the collimator from outside the 261 
direct beam) can be neglected in the visible and near infrared wavelength range, since direct 262 
solar radiance is much larger than diffuse radiance. However, due to the strong wavelength-263 
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dependence of the Rayleigh scattering, the diffuse light fraction becomes critical at shorter 264 
wavelengths and larger solar zenith angles (SZA) [McKenzie and Johnston, 1995; Slusser et al., 265 
2000; Tüg and Baumann, 1994]. The most dominant source of OOF stray light at UV 266 
wavelength is diffuse light, since the light path inside the instrument is well-sealed from the 267 
collimator to the spectrometer. Several main trace gases absorption bands are in UV wavelengths 268 
shorter than 360 nm as shown in Figure 1a (e.g., O3, SO2, HCHO). The same is true for 269 
important chemical processes of reactive trace gases (e.g., ozone) that occur in the early morning 270 
and late afternoon, when SZA are large [e.g., Crutzen, 1970; Jacob, 2000]. Therefore, it is 271 
necessary to accurately measure radiances at large SZA and short wavelengths and to reduce 272 
error caused by OOF stray light. 273 
To understand diffuse light contributions to the measurements, we calculated diffuse and 274 
direct intensity within the FOV (i.e., 2.2°) using the VLIDORT (linearized pseudo-spherical 275 
vector discrete ordinate radiative transfer code; Spurr, 2006) with known (or retrieved) ozone 276 
amounts. The fraction of direct and diffuse light in the FOV from calculations is relatively 277 
accurate compared to its absolute value. The diffuse-light contribution was corrected by 278 
multiplying by the diffuse light correction factor (DCF) as follows: 279 
280 𝐶MNO = 𝐼Q0O𝐼Q0O + 𝐼Q0I 𝐶,																																																																																																																																		(4) 281 
282 
where C and Ccor are the measured voltage counts before and after the diffuse-contribution 283 
correction, respectively. Idir / (Idir + Idif) is the DCF, where Idir and Idif are the theoretical direct 284 
and diffuse FOV radiances from VLIDORT. An example of calculated DCF in the UV at SZA 285 
between 80 – 85° with 300 Dobson units of O3 vertical column is shown in Figure 3. The diffuse 286 
light contribution increases as SZA increases and wavelength decreases. For example, the diffuse 287 
light incident in the FOV at 300 nm is about 4 times larger than the direct solar light at SZA of 288 
80°, which is the upper limit requirement to minimize the diffuse light error for aerosol retrieval 289 
in this study. Meanwhile at 330 nm, the DCF is larger than 0.97 at SZA of 80°, which implies 290 
that the diffuse light contribution to measurements is less than 3%. We assumed that the 291 
accuracy in the diffuse light correction factor at wavelengths longer than 330 nm and for SZA 292 
smaller than 80° is acceptable, since the diffuse light fraction is relatively low (i.e., less than 3% 293 
in this study). These retrieval limitations can be relaxed by calculating diffuse light more 294 
precisely, when accurate information on surface, aerosols and O3 amounts is available. In 295 
addition, the DCF calculation requires further trace gas information such as NO2 or HCHO 296 
concentration, since diffuse light contribution becomes significant at wavelength up to 390 nm 297 
when SZA is 85°. Note that the calculated DCF has spectral high-frequency structures along the 298 
strong gas absorption lines (O3 in Figure 3). Therefore, the DCF is also important for accurate O3 299 
and SO2 retrievals at large SZA. 300 
301 
302 
Figure 3. Spectral diffuse light correction factors of the UV-Vis-NIR spectroradiometer direct Sun 303 
measurements at UV (300-400 nm) wavelength range calculated using VLIDORT with 300 304 
Dobson unit of O3 and without aerosols and clouds. 305 
306 
3.5. Out-of-band (OOB) stray light correction 307 
Stray light within the instrument, which is unintended light incident on the detector by 308 
scattering, reflection, and refraction, is an inherent limitation of the grating system. Prior studies 309 
have suggested various OOB stray light correction methods using monochromatic light sources 310 
[e.g., Feinholz et al., 2012; Zong et al., 2006]. The stray light coming from OOB can cause 311 
significantly large errors when the incoming light to a detector is relatively low, compared to the 312 
light reaching OOB detectors [Zong et al., 2006]. UV measurements using UV-visible 313 
spectrometers have suffered from OOB stray light for this reason, since visible photons in the 314 
atmosphere are typically several orders of magnitude greater than UV photons. The UV CCD 315 
detectors are typically several hundred detectors away from those at the peak of the visible light. 316 
Therefore, characterizing a spectrometer’s slit scattering function (the relative spectral 317 
responsivity of the instrument spectrometer optics and detector) for the whole detector range is 318 
important to correct OOB stray light in the UV wavelengths. However, iterative deconvolution 319 
methods using the slit scattering function may not converge to the correct solution, since the 320 
practical characterization data have limited accuracy at OOB detectors with low level counts 321 
(detectors far from the in-band detector) (e.g., Zong et al., 2006). The current Pandora data 322 
processing algorithm first removes OOB stray light from wavelengths longer than 380 nm by 323 
using U340 filter for ozone retrieval. Based on the assumption that the incident sunlight at the 324 
sea level is nearly zero at wavelengths shorter than 290 nm, the remaining stray light is corrected 325 
using the “dark pixel” method which subtracts the mean signal on the detector at these 326 
wavelength positions [Herman et al., 2015; Tzortziou et al., 2012]. Following these two-step 327 
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stray light corrections, empirical measure of uncorrected stray light remains that is as a function 328 
of air mass [Herman et al., 2015]. 329 
330 
331 
Figure 4. Voltage count ratio of diffuser filter to U340 filter as a function of solar zenith angle at 332 
several ultraviolet wavelengths on 12 November 2017. The ratios were normalized to each value 333 
at the smallest solar zenith angle (~57°). 334 
335 
As we use the diffuser filter for broad spectral range 𝜏aer retrievals, the measurements can 336 
more suffer from OOB stray light in the UV wavelengths compared to the U340 filter 337 
measurements. A more sophisticated stray light correction algorithm with full slit scattering 338 
function measurements using a tunable laser should improve the measurement accuracy and will 339 
be developed in a future study. In the present study, we empirically estimated OOB stray light 340 
coming from far pixels (mainly from visible to UV) using a simple slit scattering function model. 341 
Since the U340 filter rejects most of the visible wavelengths longer than 380 nm, U340 342 
measurements are less affected by the OOB stray light compared to those of diffuser 343 
measurements (see Figure 1b). At wavelength shorter than 380 nm, the difference between OOB 344 
stray light of the two filter measurements depends on the amount of the light filtered by the U340 345 
filter. On a clear day, we assume that incoming radiances of sequential U340 and diffuse 346 
measurements are almost identical, since they typically have a time difference of one minute or 347 
less. At these times, the ratio of consecutive U340 and diffuser filter measurements are expected 348 
to equal the ratio of the transmittances of those filters without OOB stray light. However, 349 
measured ratios between the two filters were found to be a strong function of SZA due to the 350 
diurnal variations of OOB stray light for different filters (Figure 4). The ratios in Figure 4 were 351 
normalized to each value at the smallest SZA (~57°). At large SZAs, UV photons direct from the 352 
Sun are more effectively scattered compared to visible photons, which leads to a greater fraction 353 
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85 
of OOB stray light in UV measurements from the diffuser compared to the U340 filter. When 354 
this tendency is predictable and consistent, the OOB stray light can be estimated with a best 355 
guess slit scattering function model. The slit scattering function of the spectrometer was assumed 356 
to be the inverse power of the pixel-distance from in-band detector in this study. The voltage 357 
counts measured by the spectroradiometer can be expressed as follows: 358 
359 𝐶(𝜆) = 𝑎(𝜆)𝑇(𝜆)𝐼(𝜆) + . 𝑎0𝑇0𝐼0(𝛥𝑑0)VWW#0 																																																																																																		 (5) 360 
361 
where C(λ) is the UV-Vis-NIR spectroradiometer voltage counts at wavelength λ. The first term 362 
on the right-hand-side of Equation 5 is the responsivity to the true signal; a, the gain of 363 
spectroradiometer; T, the transmittance of the optics from the collimator to the CCD; and I, the 364 
incoming radiance to collimator. The second term on the right-hand-side of Equation 5 is the 365 
OOB stray light term, which is the summation of the stray light from OOB detectors. 𝛥di is the 366 
detector distance of the ith OOB detector from the in-band detector, and p is the empirically 367 
determined inverse power of the slit scattering model. For wavelengths shorter than 290 nm, 368 
most of the recorded counts can be regarded as stray light since actual radiance is much smaller 369 
than measurement errors. Under this assumption, Equation 6, below, can be derived using 370 
Equation 5 for the diffuser and U340 filter, where the subscripts D and U denote diffuser and 371 
U340, respectively. 372 
373 𝐶Y(𝜆) − 𝐶Z(𝜆) ≅ . 𝑎0𝑇Y,0𝐼0(𝛥𝑑0)VWW#0 − . 𝑎0𝑇Z,0𝐼0(𝛥𝑑0)VWW#0 .																																																																																							(6) 374 
375 
The left-hand-side of Equation 6 is the difference in spectral measurements from the diffuser and 376 
U340 mode at wavelengths shorter than 290 nm, which represents the measured OOB stray light 377 
difference. The right-hand-side is the modeled OOB stray light difference. When the slit 378 
scattering function model well represents the actual characteristics of the UV-Vis-NIR 379 
spectroradiometer, the modeled OOB stray light is expected to agree closely with the measured 380 
stray light in Equation 6. The p was obtained by iteratively and empirically using the relationship 381 
between the two terms at various values (2.09 in this study). The comparison between modeled 382 
and measured stray light with the final p is shown in Figure 5. The modeled OOB stray light 383 
agrees well with the measured stray light (correlation coefficient = 0.98). The nonlinearity and 384 
small offset in Figure 5 may be caused by uncertainties in the inverse power model. Lower 385 
agreements might also exist in other units with larger wavelength dependency for the same 386 
reason. In those cases, alternative, improved slit scattering function models should be developed. 387 
For the current unit, the OOB stray light was corrected by subtracting the modeled OOB stray 388 
light from the original measurements. The effects of empirical stray light correction are 389 
discussed Section 4. Note that the empirical stray light correction algorithm mainly aims to 390 
estimate OOB stray light in the UV wavelengths coming from visible light (far from in-band). 391 
We utilized measured near in-band slit scattering function to convolute gas absorption cross 392 
sections for spectral fitting. 393 
394 
395 
Figure 5. Comparison of modeled (x-axis) and measured (y-axis) out-of-band stray light 396 
differences between diffuser and U340 filter measurements at wavelengths shorter than 290 nm. 397 
The colors of the plots represents wavelengths. 398 
399 
3.6. Spectral Langley calibration 400 
The Langley calibration method is based on the B-B-L law and provides inferred 401 
measurements of irradiance at TOA and atmospheric attenuation at the measured wavelength 402 
[Langley, 1881]. Major error sources of the Langley calibration include uncertainties in the 403 
calculation of the optical air mass, atmospheric variability, instrument radiometric performance 404 
(linearity, offset correction, and stray light), and atmospheric inhomogeneity [e.g., Shaw, 1982, 405 
1983; Slusser et al., 2000; Thomason et al., 1983]. Due to the vertical inhomogeneity of the 406 
scatterers, different air masses can lead to nonlinear biases in the Langley plot [Thomason et al., 407 
1983]. Equation 1 can be reformulated for the Langley calibration to separate species with 408 
different relative air masses and to reduce such errors (Equation 7) [Cheymol and Backer, 2003; 409 
Kirchhoff et al., 2001; Thomason et al., 1983]. The equation is given by: 410 
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411 ln𝐶(𝜆) + 𝑚`ab(𝜆)𝜏`ab(𝜆) +.𝑚0(𝜆)𝜏0(𝜆)0 = ln𝐶:(𝜆) −𝑚acO(𝜆)𝜏acO(𝜆),																													(7) 412 
413 
where C is the measured counts, and 𝑚`ab  and 𝜏`ab  are the relative air mass and optical 414 
thickness of the Rayleigh scattering, respectively. 𝑚0 and 𝜏0 are the relative air mass and optical 415 
thickness of the ith atmospheric gas. 𝐶: is the virtual count measured at TOA, which can be 416 
obtained from the Langley calibration, and 𝑚acO and 𝜏acO are the relative air mass and optical 417 
thickness of the aerosol. The 𝜏Ray was calculated from the surface pressure, and absorption 418 
optical thicknesses of the gases (𝜏gas) can be obtained from their vertical column density 419 
retrievals. The relative air mass can be expressed as the following equation, which can be 420 
obtained from the Snell’s law of refraction for spherical geometry [e.g., Thomason et al., 1983]: 421 
422 𝑚 = sec gsini< jk 𝑟𝑟 + ℎnoop sin(SZA∗)uv,																																																																																														(8) 423 
424 
where r is the distance from the center of the Earth to the measurement location (~6356.8 km), 425 
SZA* is the apparent solar zenith angle (i.e., the true SZA corrected for refraction), and heff is the 426 
assumed effective height of a species. The heff of the aerosols, ozone absorption and Rayleigh 427 
scattering were assumed to be 2.0, 20.4 and 6.2 km, respectively. Ozone is a major error source 428 
for relative air mass calculation, since it is mostly distributed in the stratosphere and is optically 429 
thick in its absorption bands. However, since spectroradiometric measurements provide accurate 430 
optical thickness of ozone from the gas retrieval algorithm [Herman et al., 2015], it can be 431 
corrected by including ozone in the left-hand-side of Equation 7. 432 
Prior studies using the Langley method mostly used monochromatic light or several 433 
discrete channels as input [e.g., Cheymol and Backer, 2003; Kirchhoff et al., 2001]. In this study, 434 
we performed a Langley calibration at continuous wavelengths from 310 to 800 nm interpolated 435 
to a 0.5 nm resolution grid, which covers all major trace gas absorption structures within that 436 
range. We used a relatively small relative air mass range (less than 4.0) to ensure the presence of 437 
sufficient UV photons so that OOB stray light can be reduced. Examples of Langley plots at 438 
several wavelength ranges on 12 November 2016 are shown in Figure 6. Whole spectrum TOA 439 
counts, optical thicknesses, correlation coefficients, and calibration constants (solar irradiance 440 
divided by TOA counts) from the Langley calibration are shown in Figure 7. Despite our 441 
laboratory and field calibration efforts, measurements within the short UV region still suffer 442 
from relatively large measurement errors (i.e. correlation coefficients of the Langley plots far 443 
from -1.0). Positive slope appears in Langley plot at 310 and 320 nm at large relative air masses 444 
due to uncorrected measurement errors, mostly from stray light, as shown in Figures 6 a and b. 445 
This leads to a rapid decrease in optical thickness and increase in correlation coefficient at 446 
wavelengths shorter than 325 nm (Figures 7b and 7c). Langley plots at longer wavelengths 447 
showed more stable results. The spectral optical thicknesses showed the expected combination of 448 
spectrally smooth components and gas absorption structures above about 325 nm as shown in 449 
Figure 7b. Note that without ozone air mass correction (by Equation 7), strong features of the 450 
ozone Huggins (310 - 350 nm) and Chappuis band (500 – 680 nm) appeared in spectral optical 451 
thickness. This phenomenon has been previously described in prior studies [e.g., King and 452 
Byrne, 1976]. However, these features are removed by correcting ozone air mass as shown in 453 
Figure 7b. The spectral correlation coefficients were also close to -1 at wavelengths longer than 454 
325 nm as shown in Figure 7c. As the aerosol property retrievals require reliable radiometric 455 
calibration, we used the wavelength range from 330 to 800 nm in this study. 456 
The spectral calibration constants are expected to be smooth as a function of wavelength 457 
since most bad detectors are filtered out during the calibration procedure.  However, structures 458 
along strong gas absorption bands (e.g., oxygen and water vapor) still appear in the spectral 459 
calibration constants, which might be caused by the temporal variabilities of atmospheric 460 
turbidity during the Langley calibration (black line in Figure 7d). These gas absorption features 461 
were separated and then subtracted from the original values using a least-squares method. The 462 
spectral Langley calibration constants before and after gas absorption correction are shown in 463 
Figure 7d. This partly compensates for the uncertainties in the Langley calibration constants due 464 
to atmospheric variability. 465 
466 
467 
468 
Figure 6. Examples of Langley plots using the UV-Vis-NIR direct-sun measurements on 12 469 
November 2016 at (a) 310 nm, (b) 320 nm, (c) 330 nm, (d) 400 nm, (e) 600 nm, and (f) 800 nm. 470 
Positive slope appears in the Langley plots at wavelengths shorter than 320 nm due to uncorrected 471 
measurement errors, mostly from stray light. Langley plots at longer wavelengths showed more 472 
stable results. 473 
474 
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Figure 7. (a) Inferred TOA voltage count, (b) spectral optical thickness, and (c) correlation 476 
coefficients from the Langley calibration on 12 November 2016. Panel (d) shows spectral Langley 477 
calibration coefficients (TOA solar irradiance divided by TOA voltage count in units of [ mW m-478 
2 nm-1 counts-1]) before (black) and after (red) the gas absorption correction. 479 
480 
4 Retrieval of Spectral Aerosol Optical Thickness 481 
The 𝜏Ray was calculated from surface pressure data and then subtracted from total optical 482 
thickness (𝜏tot) obtained from Cλ and C0λ. When cloud measurements are successfully screened 483 
out, the remaining optical thickness can be regarded as the sum of 𝜏gas and 𝜏aer. Unlike 484 
monochromatic or discrete spectral measurements, the UV-Vis-NIR spectroradiometer provides 485 
continuous spectral optical thicknesses, which can be more easily separated into spectral high 486 
and low frequency components. The spectral high frequency components are mostly associated 487 
with the absorption by gases, whereas low frequency components include information on other 488 
atmospheric species, including aerosols and clouds. The 𝜏tot was separated into gas absorption 489 
optical thicknesses and combination of low order polynomials using spectral fitting based on a 490 
least-squares method that minimizes the following cost function: 491 
492 𝜒5 = x y𝜏(𝜆) − z.𝑃0𝜆0{0|: +.𝐾~𝜎~(𝜆)~ 
5 𝑑𝜆																																																																															(9) 493 
494 
where 𝜏 is the total optical thickness minus 𝜏Ray, and P and K are the regression coefficients of 495 
low-order polynomials and trace gas absorption, respectively. 𝜎 is the absorption cross-section of 496 
atmospheric gases convolved by the spectrometer slit function. An insufficient number of 497 
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polynomials can dilute the spectral features of 𝜏aer, whereas too many can over fit the gas 498 
absorption components. During the 3-month study period, the number of polynomials was not 499 
significantly sensitive to spectral 𝜏aer retrievals when the utilized polynomials are between about 500 
5 – 15. The number of polynomials representing the low frequency component was determined 501 
empirically at the middle of those numbers of polynomials (10 in this study) to secure as much 502 
information of spectral features of 𝜏aer as possible and to reduce contamination by trace gas 503 
absorption features. 504 
Discrepancies in spectral gas absorption between actual optical thickness measurements 505 
(i.e., 𝜏tot) and known (or theoretical) databases can produce fitting residuals. This is typically 506 
caused by the uncertainties in the characterized slit function of the instruments or the absorption 507 
cross-sections of the gases. Such differences were found mostly for O2 and H2O since they have 508 
sharp and strong absorption bands. The fitting error can then propagate into the errors in the 509 
spectral 𝜏aer retrieval. In order to reduce such uncertainties, we used the spectral absorption shape 510 
of H2O and O2 in the Langley plot in Figure 7b. The spectral absorption shape of H2O and O2 511 
from HIgh-resolution TRANsmission molecular absorption database (HITRAN; Rothman et al., 512 
2013) and Langley optical thicknesses are compared in Figure 8. Note that the absolute values in 513 
Figure 8 are not relevant, since only the shape of spectral gas absorption is used for spectral 514 
fitting. Even though their general spectral absorption shapes are similar, there are differences in 515 
their specific structures, particularly in the O2-A (around 765 nm) and O2-B (around 685 nm) 516 
absorption bands. Those differences can cause non-negligible uncertainties of spectral 𝜏aer 517 
retrievals. Spectral fitting results using HITRAN and Langley calibration gas absorption shape 518 
are compared in Figures 9a and b, respectively. Large fitting residuals near O2 and H2O 519 
absorption bands in Figure 9a are considerably reduced in Figure 9b (typically factor of 2~3 for 520 
whole spectral range), leading to different 𝜏aer retrievals (red lines). Therefore, characterizations 521 
of more accurate atmospheric gas absorption cross-sections and slit function of instruments are 522 
important for both the trace gases and aerosol retrievals by separating each contribution to the 523 𝜏tot. 524 
525 
526 
Figure 8. Spectral absorption shape of O2 and H2O from (a) HITRAN and (b) spectral optical 527 
thickness of Langley calibration result. Note that the plots are normalized to a similar scale to 528 
compare their spectral shapes. 529 
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Figure 9. Comparison of least squares fitting results for optical thickness from UV-Vis-NIR 532 
spectroradiometer using different sources of absorption cross-section. Results in panels (a) and (b) 533 
used absorption cross-section of O2 and H2O from HITRAN and optical thickness of Langley 534 
calibration, respectively. Aerosol optical thickness of AERONET is also shown for comparison as 535 
green squares. 536 
537 
Examples of the separation of the 𝜏gas and 𝜏aer using a linear least-squares method for low 538 
(12 November 2016) and moderate aerosol loading (20 October 2016) cases are shown in Figure 539 
10a and 10b, respectively. The results across all retrieved spectral 𝜏aer show generally in good 540 
agreement with those from AERONET for both cases. The spectral features of 𝜏aer are 541 
traditionally analyzed using the Ångström Exponent (AE) at discrete channels, which is related 542 
to the size of the particles. The continuous spectrum of 𝜏aer from UV-Vis-NIR spectroradiometer 543 
is expected to provide more informative constraints for additional aerosol property retrievals 544 
using diffuse sky measurements. It also enables application of higher-order derivatives and 545 
spectrally high-resolution inversion methods to the measurements [e.g., Hansell et al., 2014]. 546 
547 
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Figure 10. Least squares fitting results of retrieved optical thickness for (a) a clear case (12 549 
November 2016) and (b) a moderate aerosol loading case (20 October 2016). Aerosol optical 550 
thickness of AERONET is also shown for comparison as green squares. 551 
552 
Figure 11 compares the diurnal variations of 𝜏aer at 500 nm retrieved in this study and 553 
those from AERONET on (a) a clear day (12 November 2016) and (b) a partly cloudy day (23 554 
October 2016). AE between 440 and 675 nm is also plotted to compare temporal variations with 555 
those of 𝜏aer and cloud optical thickness (𝜏cld). As shown in Figure 11b, abrupt increases in 556 
optical thickness and decreases in AE were found when the measurements were contaminated by 557 
clouds, due to their relatively large optical thickness and size. Since clouds typically have larger 558 
spatial variability compared to aerosols, temporal variations in 𝜏cld and AE are also much larger 559 
than those of aerosols as the clouds pass over the FOV. The aerosol retrieval condition 560 
parameters and their criteria were determined empirically based on the characteristics as listed in 561 
Table 2. The sum of 𝜏aer and 𝜏cld (before cloud screening) is plotted in the black line, whereas the 562 
cloud-screened 𝜏aer is shown in the red line. After the clouds are successfully filtered out, 𝜏aer 563 
shows good agreement with the AERONET product as shown in Figure 11b. This also 564 
demonstrates the possibility of retrieving 𝜏cld and other optical properties of thin clouds. Since 565 
the cloud effects on trace gas retrievals are also important, they will be investigated in a future 566 
study. 567 
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Table 2. Aerosol retrieval condition screening parameters and their criteria. 569 
Screening parameter criterion 
AE (440-675 nm) > 0𝜎𝜏a / 𝜎timeb < 0.005 𝜎AEc / 𝜎time < 0.07 
Solar zenith angle < 80° 
aStandard deviation of the 5-consecutive optical thickness measurements at 500 nm. 570 
bStandard deviation of the 5-consecutive measurement time in minutes. 571 
cStandard deviation of the 5-consecutive Ångström Exponent between 440-675 nm. 572 
573 
574 
Figure 11. Temporal variations of aerosol and cloud optical thickness at 500 nm and AE on (a) a 575 
clear day (12 November 2016) and (b) a partly cloudy day (23 October 2016). Early morning and 576 
late afternoon data were screened out by retrieval criteria of solar zenith angle (80°). 577 
578 
Retrieved spectral 𝜏aer overlapping those from AERONET channels during the period 579 
from 20 October 2016 to 19 January 2017 are compared in Figure 12. Note that the numbers of 580 
data points in each panel differ since AERONET provides a different number of retrievals for 581 
each channel after data-quality-assurance-processing. The color of the scatter plot points 582 
represents the temperature of the spectrometer, which affects the radiometric calibration 583 
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constants of the whole spectroradiometer system. Spectral 𝜏aer from the UV-Vis-NIR 584 
spectroradiometer and AERONET showed good agreements at all wavelengths (correlation 585 
coefficients greater than 0.98). The root-mean-squared-error (RMSE) values were within known 586 
uncertainty level of AERONET at all wavelengths (i.e., 0.02 at UV and 0.01 at visible channels) 587 
[Eck et al., 1999]. The low slopes (0.93-0.99) are due to UV-Vis-NIR spectroradiometer’s 588 
relative underestimation of radiance at high optical depths and relative overestimation at low 589 
optical depths, which might be a function of the spectrometer temperature. However, it also 590 
could be caused by other factors that are correlated with the spectroradiometer temperature 591 
variation or uncertainties in AERONET measurements. Therefore, no further corrections for 592 
temperature sensitivity of the radiometric calibration constants were applied in this study. 593 
Further temperature-dependent radiometric calibrations in a well-controlled laboratory 594 
experiment are necessary to identify actual temperature effects and thereby improve the 𝜏aer 595 
retrievals. 596 
597 
598 
Figure 12. Inter-comparison of retrieved aerosol optical thickness from UV-Vis-NIR 599 
spectroradiometer and AERONET at (a) 340, (b) 380, (c) 440, (d) 500, and (e) 675 nm. The color 600 
of the scatter plot points represents the temperature of the spectrometer. 601 
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OOB stray light at shorter wavelengths was also observed by early AERONET 603 
measurements under high-turbidity conditions [Smirnov et al., 2000]. However, AERONET 604 
successfully screened out the contaminated scenes by rejecting low measurement signals (i.e., 605 
less than 50 voltage counts). Furthermore, utilizing ion-assisted deposition filters significantly 606 
improved OOB stray light blocking for the shortwave measurements [Smirnov et al., 2000]. 607 
Therefore, OOB stray light effects of the AERONET data should be relatively small compared to 608 
the uncorrected data of the UV-Vis-NIR spectroradiometer. The effects of the empirical stray 609 
light correction algorithm developed in this study are displayed in Figure 13, which shows biases 610 
of retrieved 𝜏aer at 380 and 380 nm between UV-Vis-NIR spectroradiometer and AERONET 611 
before and after stray light correction. Since the contribution of stray light is critical in the 612 
shorter UV, we observe meaningful improvements with stray light correction at 340 nm, whereas 613 
we obtain relatively smaller effects at 380 nm. Effects of empirical OOB stray correction were 614 
even smaller or negligible at longer wavelengths. 615 
616 
617 
Figure 13. The difference of retrieved aerosol optical thickness (Δ𝜏, UV-Vis-NIR 618 
spectroradiometer – AERONET) as a function of AERONET measurements at (a) 340 and (b) 380 619 
nm. Blue squares and red circles represents before and after out-of-band stray light correction, 620 
respectively. The empirical stray correction algorithm has a significant impact on retrievals at 621 
shorter wavelengths (340 nm). 622 
623 
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5 Summary and Conclusions 624 
A spectral (330 – 800 nm) retrieval algorithm of 𝜏aer based on the Langley calibration 625 
method for direct-Sun UV-Vis-NIR spectroradiometer measurements was developed. OOF stray 626 
light, due to diffuse light contribution to the incoming radiances in the FOV was corrected using 627 
theoretical VLIDORT radiative transfer calculations. An empirical stray light correction method 628 
was developed using the difference in OOB stray light from U340 and diffuser measurements. 629 
Wavelengths of each detector were registered using a nonlinear least-squares method with first 630 
guess values from lamp calibration. Spectral Langley plots showed good correlation for 631 
wavelengths longer than 330 nm, however, they suffered from relatively larger measurement 632 
errors and weak signals at wavelength shorter than 320 nm. Uncertainties in the Langley 633 
calibration due to atmospheric variability were partly corrected by removing the gas absorption 634 
components in the spectral calibration constants. 𝜏Ray was estimated using the surface pressure, 635 
and then subtracted from 𝜏tot. The remaining optical thickness was separated into a gas 636 
absorption component and low-order polynomials using a least-squares method. To reduce the 637 
fitting residuals, spectral gas absorption shapes from the Langley calibration results were used 638 
for H2O and O2. Cloud-contaminated measurements were filtered out whenever low AE values 639 
or large temporal variations in optical thickness were observed. 640 
The retrieved 𝜏aer showed good agreement with the benchmark AERONET product at all 641 
overlapping wavelengths during the measurement period (r > 0.98). Slightly lower slopes (0.93-642 
1.0) relative to AERONET might be caused by the temperature sensitivity of the spectrometer, 643 
which can be improved by more sophisticated, temperature-dependent radiometric calibrations or 644 
a better temperature controller. Empirical stray light correction considerably improved 𝜏aer 645 
retrievals of UV-Vis-NIR spectroradiometer radiances at short wavelengths, which is critical for 646 
several trace gas retrievals. A more realistic OOB stray light model can improve the performance 647 
of the correction algorithm. The UV-Vis-NIR spectroradiometer system has the benefit of 648 
measuring 𝜏aer at continuous wavelengths simultaneously, which has been shown to provide 649 
useful information on aerosols and reliable spectral dependence. Moreover, a strategic network 650 
of these well-calibrated ground-based spectroradiometers would comprehensively complement 651 
and aid in validation of spatial and temporal aerosol and trace gas measurements from 652 
spaceborne geostationary platforms. Future studies will expand on using spectral 𝜏aer values in 653 
conjunction with diffuse and/or polarization measurements for developing retrievals of additional 654 
aerosol properties, including aerosol bulk vertical distribution, absorption, and size. These 655 
aerosol properties are also important for trace gas profile retrieval algorithms. 656 
657 
Acknowledgments 658 
The lead authors gratefully acknowledge the continuous support of NASA Radiation Sciences 659 
Program, managed by Dr. Hal B. Maring, on the research development of the 660 
SMARTLabs/SMART spectroradiometers. We also sincerely appreciate Darryl Kuniyuki and 661 
Paul Fukumura-Sawada from NOAA/ESRL for logistics and supporting measurements of precise 662 
Langley events at Mauna Loa Observatory. The authors thank Dr. Michael D. King and two 663 
anonymous reviewers for their valuable comments and suggestions. The UV-Vis-NIR 664 
spectroradiometer data are available at https://acd-ext.gsfc.nasa.gov/Projects/Pandora/index.html, 665 
and the AERONET data are available at https://aeronet.gsfc.nasa.gov. 666 
References 667 
Bovensmann, H., J. P. Burrows, M. Buchwitz, J. Frerick, S. Noël, and V. Rozanov (1999), 668 
SCIAMACHY: Mission objectives and measurement modes, J. Atmos. Sci., 56, 2, 127-150. 669 
670 
Brion, J., A. Chakir, D. Daumont, J. Malicet, and C. Parisse (1993), High-resolution laboratory 671 
cross-sections of O3: temperature effect, Chem. Phys. Lett, 213, 610-612. 672 
673 
Brion, J., A. Chakir, J. Charbonnier, D. Daumont, C. Parsse, and J. Malicet (1998), Absorption 674 
spectra measurements for the ozone molecule in the 350-830 nm region, J. Atmos. Chem., 30, 291-675 
399.676 
677 
Burrows, J. P., M. Weber, M. Buchwitz, V. Rozanov, A. Ladstätter-Weißenmayer, A. Richter, R. 678 
Debeek, R. Hoogen, K. Bramstedt, K.-U. Eichmann, and M. Eisinger (1999), The global ozone 679 
monitoring experiment (GOME): Mission concept and first scientific results, J. Atmos. Sci., 56, 680 
151-175.681 
682 
Casper, C. and K. Chance (1997), GOME wavelength calibration using solar and atmospheric 683 
spectra, Proc. 3rd ERS Symp. On Space at the service of our Environment, Florence, Italy, 17-21 684 
March 1997 (ESA SP-414, 3 Vols., May 1997) 685 
686 
Chance, K. and R.L. Kurucz (2010), An improved high-resolution solar reference spectrum for 687 
earth’s atmosphere measurements in the ultraviolet, visible, and near infrared, J. Quant. Spectrosc. 688 
Ra., 111, 1289-1295. 689 
690 
Chance, K. and J. Orphal (2011), Revised ultraviolet absorption cross sections of H2CO for the 691 
HITRAN database, J. Quant. Spectrosc. Ra., 112, 1509-1510. 692 
693 
Cheymol, A., and H. D. Backer (2003), Retrieval of the aerosol optical depth in the UV-B at Uccle 694 
from Brewer ozone measurements over a long time period 1984-2002, J. Geophys. Res, 695 
doi:10.1029/2003JD003758. 696 
697 
Chimot, J., T. Vlemmix, J. P. Veefkind, J. F. de Haan, and P. F. Levelt (2016), Impact of aerosols 698 
on the OMI tropospheric NO2 retrievals over industrialized regions: how accurate is the aerosol 699 
correction of cloud-free scenes via a simple cloud model?, Atmos. Meas. Teach., 9, 359-382. 700 
701 
Crutzen, P. J. (1970), The influence of nitrogen oxides on the atmospheric ozone content, Quart. 702 
J. R. Met. Soc., 96, 320-325.703 
704 
Dubovik, O. and M. D. King (2000), A flexible inversion algorithm for retrieval of aerosol optical 705 
properties from Sun and sky radiance measurements, J. Geophys. Res., 105, 20673-20696. 706 
707 
Dobovik, O., B. Holben, T. F. Eck, A. Smirnov, Y. J. Kaufman, M. D. King, D. Tanré, and I. 708 
Slutsker (2002), Variability of absorption and optical properties of key aerosol types observed in 709 
worldwide location, J. Atmos. Sci., 59, 590-608. 710 
711 
Eck, T. F., B. N. Holben, J. S. Reid, O. Dubovik, A. Smirnov, N. T. O’Neill, I. Slutsker, and S.712 
Kinne (1999), Wavelength dependence of the optical depth of biomass burning, urban, and desert 713 
dust aerosols, J. Geophys. Res., 104, 31,333-31,349. 714 
715 
Feinholz, M. E., S. J. Flora, S. W. Brown, Y. Zong, K. R. Lykke, M. A. Yarbrough, B. C. Johnson, 716 
and D. K. Clark (2012), Appl. Opt., 51, 16, 3631-3641. 717 
718 
Grassl, H. (1971), Determination of aerosol size distributions from spectral attenuation 719 
measurements, Appl. Opt., 10, 2534-2538. 720 
721 
Greenblatt, G., J. J. Orlando, J. B. Burkholder, and A. R. Ravishankara (1990), Absorption 722 
measurements of oxygen between 330 and 1140 nm, J. Geophys. Res., 95, 18,577-18,582. 723 
724 
Hansell, R. A., S. –C. Tsay, P. Pantina, J. R. Lewis, Q. Ji, and J. R. Herman (2014), Spectral 725 
derivative analysis of solar spectroradiometric measurements: Theoretical basis, J. Geophys. Res., 726 
119, 8908-8924, doi:10.1002/2013JD021423. 727 
728 
Herman, J. R., A. Cede, E. Spinei, G. Mount, M. Tzortziou, and N. Abuhassan (2009), NO2 column 729 
amounts from ground-based Pandora and MFDOAS spectrometers using the direct-sun DOAS 730 
technique: Intercomparisons and application to OMI validation, J. Geophys. Res., 114, D13307, 731 
doi:10.1029/2009JD011848. 732 
733 
Herman, J. R. Evans, A. Cede, N. Abuhassan, I. Petropavlovskikh, and G. McConville (2015), 734 
Comparison of ozone retrievals from the Pandora spectrometer system and Dobson spectrometer 735 
in Boulder, Colorado, Atmos. Meas. Tech., 8, 3407-3418. 736 
737 
Holben, B. N., T. F. Eck, I. Slutsker, D. Tanré, J. P. Buis, A. setzer, E. Vermote, J. A. Reagan, Y. 738 
J. Kaufman, T. Nakajima, F. Lavenu, I. Jankowiak, and A. Smirnov (1998), AERONET-A739 
federated instrument network and data archive for aerosol characterization, Remote Sens. Environ., 740 
66, 1-16. 741 
742 
Hong, H., H. Lee, J. Kim, U. Jeong, J. Ryu, and D. S. Lee (2017), Investigation of simultaneous 743 
effects of aerosol properties and aerosol peak height on the air mass factors for space-borne NO2 744 
retrievals, Remote Sens., 9, 208. 745 
746 
Hönninger, G., C. von Friedeburg, and U. Platt (2004), Multi axis differential optical absorption 747 
spectroscopy (MAX-DOAS), Atmos. Chem. Phys., 4, 231-254. 748 
749 
Ingmann, P., B. Veihelmann, J. Langen, D. Lamarre, H. Stark, and G. B. Courreges-Lacoste 750 
(2012), Requirements for the GMES Atmosphere Service and ESA’s implementation concept: 751 
Sentinels-4/-5 and -5p, Remote Sens. Environ., 120, 58-69. 752 
753 
Intergovernmental Panel on Climate Change (IPCC): Contribution of Working Group I to the Fifth 754 
Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge University 755 
Press, Cambridge, UK and New York, NY, USA, 2013. 756 
757 
Jacob, D. J. (2000), Heterogeneous chemistry and tropospheric ozone, Atmos. Environ., 34, 2131-758 
2159. 759 
760 
Ji, Q., and S.-C. Tsay (2010), A novel nonintrusive method to resolve the thermal dome effect of 761 
pyranometers: Instrumentation an observational basis , J. Geophys. Res., 115, D00K21, 762 
doi:10.1029/2009JD013483. 763 
764 
Ji, Q., S.-C. Tsay, K. M. Lau, R. A. Hansell, J. J. Butler, and J. W. Cooper (2011), A novel 765 
nonintrusive method to resolve the thermal dome effect of pyranometers: Radiometric calibration 766 
and implications, J. Geophys. Res., 116, D24105, doi:10.1029/2011JD016466. 767 
768 
Kampa, M., and E. Castanas, Human health effects of air pollution (2008), Environ. Pollut., 151, 769 
362-367.770 
771 
King, M., D. Byrne (1976), A method for inferring total ozone content from the spectral variation 772 
of total optical depth obtained with a solar radiometer, J. Atmos. Sci., 33, 2242-2251. 773 
774 
King, M., D. Byrne, B. Herman, and J. Reagan (1978), Aerosol size distributions obtained by the 775 
inversion of spectral optical depth measurements, J. Atmos. Sci., 35, 2153-2167. 776 
777 
Kirchhoff, V. W. J. H., A. A. Silva, C. A. Costa, N. Paes Leme, H. G. Pavão, F. Zaratti (2001), 778 
UV-B optical thickness observations of the atmosphere, J. Geophys. Res., 106, 2963-2973. 779 
780 
Langley, S. P. (1881), The bolometer and radiant energy, Proc. Amer. Acad. Arts Sci., 16, 342. 781 
782 
Leitão, J., A. Richter, M. Vrekoussis, A. Kokhanovsky, Q. J. Zhang, M. Beekmann, and J. P. 783 
Burrows (2010), On the improvement of NO2 satellite retrievals – aerosol impact on the airmass 784 
factors, Atmos. Meas. Tech., 3, 475-493. 785 
786 
Levelt, P. F., G. H. J. van den Oord, M. R. Dobber, A. Mälkki, H. Visser, J. de Vries, P. Stammes, 787 
J. O. V. Lundell, and H. Saari (2006), The ozone monitoring instrument, IEEE Trans. Geosci.788 
Remote Sens., 44, 5, 1093-1101. 789 
790 
Lin, J. -T., R. V. Martin, K. F. Boersma, M. Sneep, P. Stammes, R. Spurr, P. Wang, M. Van 791 
Roozendael, K. Clémer, and H. Irie (2014), Retrieving tropospheric nitrogen dioxide from the 792 
Ozone Monitoring Instrument: effects of aerosols, surface reflectance anisotropy, and vertical 793 
profile of nitrogen dioxide, Atmos. Chem. Phys., 14, 1441-1461. 794 
795 
Marquardt, D. L. (1963), An algorithm for least-squares estimation of nonlinear parameters, J. 796 
Soc. Indust. Appl. Math., 2, 431. 797 
798 
McKenzie, R., P. V. Johnston (1995), Comment on “Problems of UV-B radiation measurements 799 
in biological research: Critical remarks on current techniques and suggestions for improvements” 800 
by H. Tüg and M. E. M. Baumann, Geophys. Res. Lett., 22, 9, 1157-1158. 801 
802 
Munro, R., R. Lang, D. Klaes, G. Poli, C. Retscher, R. Lindstrot, R. Huckle, A. Lacan, M. 803 
Grzegorski, A. Holdak, A. Kokhanovsky, J. Livschitz, and M. Eisinger (2016), The GOME-2 804 
instrument on the Metop series of satellites: instrument design, calibration, and level 1 data 805 
processing-an overview, Atmos. Meas. Tech., 9, 1279-1301. 806 
807 
Rodgers, C. D. (2000), Inverse method for atmospheric sounding: theory and practice, World 808 
Scientific Publishing Co. Pte. Ltd., Singapore. 809 
810 
Rothman, L. S., I. E. Gordon, Y. Babikov, A. Barbe, D. Chris Benner, P. F. Bernath, M. Birk, L. 811 
Bizzocchi, V. Boudon, L. R. Brown, A. Campargue, K. Chance, E. A. Cohen, L. H. Coudert, V. 812 
M. Devi, B. J. Drouin, A. Fayt, J. –M. Flaud, R. R. Gamache, J. J. Harrison, J. –M. Hartmann, C.813 
Hill, J. T. Hodges, D. Jacquemart, A. Jolly, J. Lamouroux, R. J. Le Roy, G. Li, D. A. Long, O. M. 814 
Lyulin, C. J. Mackie, S. T. Massie, S. Mikhailenko, H. S. P. Müller, O. V. Naumenko, A. V. 815 
Nikitin, J. Orphal, V. Perevalov, A. Perrin, E. R. Polovtseva, C., Richard, M. A. H. Smith, E. 816 
Starikova, K. Sung, S. Tashkun, J. Tennyson, G. C. Toon, Vl. G. Tyuterev, and G. Wagner (2013), 817 
The HITRAN2012 molecular spectroscopic database, J. Quant. Spectrosc. Ra., 130, 4-50. 818 
819 
Schotland, R. M., and T. K. Lea (1986), Bias in a solar constant determination by the Langley 820 
method due to structured atmospheric aerosol, Appl. Opt., 25, 15, 2486-2491. 821 
822 
Shaw, G. E. (1982), Solar spectral irradiance and atmospheric transmission at Mauna Loa 823 
Observatory, Appl. Opt., 21, 11, 2006-2011. 824 
825 
Shaw, G. E. (1983), Sun Photometry, Bull. Amer. Meteor. Soc., 64, 4-10. 826 
827 
Slusser, J., J. Gibson, D. Bigelow, D. Kolinski, P. Disterhoft, K. Lantz, and A. Beaubien (2000), 828 
Langley method of calibrating UV filter radiometers, J. Geophys. Res., 105, 4841-4849. 829 
830 
Smirnov, A., B. N. Holben, T. F. Eck, O. Dubovik, and I. Slutsker (2000), Cloud-screening and 831 
quality control algorithms for the AERONET database, Remote Sens. Environ., 73, 337-349. 832 
833 
Spurr, R. J. D. (2006), VLIDORT: A linearized pseudo-spherical vector discrete ordinate radiative 834 
transfer code for forward model and retrieval studies in multilayer multiple scattering media, J. 835 
Quant. Spectrosc. Ra., 102, 316-342. 836 
837 
Thomason, L. W., B. M. Herman, J. A. Reagan (1983), The effect of atmospheric attenuators with 838 
structured vertical distributions on air mass determinations and Langley plot analysis, J. Atmos. 839 
Sci., 40, 1851-1854. 840 
841 
Torres, B., O. Dubovik, D. Fuertes, G. Schuster, V. E. Cachorro, T. Lapyonok, P. Goloub, L. 842 
Blarel, A. Barreto, M. Mallet, C. Toledano, and D. Tanré (2016), Advanced characterization of 843 
aerosol properties from measurements of spectral optical depth using the GRASP algorithm, 844 
Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-334. 845 
846 
Torres, O., P. K. Bhartia (1999), Impact of tropospheric aerosol absorption on ozone retrieval from 847 
backscattered ultraviolet measurements, J. Geophys. Res., 104, 21569-21577. 848 
849 
Tsay, S.-C., H. B. Maring, N.-H. Lin, S. Buntoung, S. Chantara, H.-C. Chuang, P. M. Gabriel, C. 850 
S. Goodloe, B. N. Holben, T.-C. Hsiao, N. C. Hsu, S. Janjai, W. K. M. Lau, C.-T. Lee, J. Lee, A.851 
M. Loftus, A. X. Nguyen, C. M. Nguyen, S. K. Pani, P. Pantina, A. M. Sayer, W.-K. Tao, S.-H.852 
Wang, E. J. Welton, W. Wiriya, and M.-C. Yen (2016), Satellite-surface perspectives of air quality 853 
and aerosol-cloud effects on the environment: An overview of 7-SEAS/BASELInE, Aerosol Air 854 
Qual. Res., 16, 2581-2602. 855 
856 
Tüg, H., and M. E. M. Baumann (1994), Problems of UV-B radiation measurements in biological 857 
research. Critical remarks on current techniques and suggestions for improvements, Geophys. Res. 858 
Lett, 21, 8, 689-692. 859 
860 
Tzortziou, M., J. R. Herman, A. Cede, and N. Abuhassan (2012), High precision, absolute total 861 
column ozone measurements form the Pandora spectrometer system: Comparisons with data from 862 
a Brewer double monochromator and Aura OMI, J. Geophys. Res., 117, D16303, 863 
doi:10.1029/2012JD017814. 864 
865 
Vandaele, A. C., P. C. Simon, J. M. Guilmot, M. Carleer, and R. Colin (1994), SO2 absorption 866 
cross section measurement in the UV using a Fourier transform spectrometer, J. Geophys. Res., 867 
99, D12, 25599-25605. 868 
869 
Wagner, T., S. Beirle, T. Deutschmann, E. Eigemeier, C. Frankenberg, M. Grzegorski, C. Liu, T. 870 
Marbach, U. Platt, and M. Penning de Vries (2008), Monitoring of atmospheric trace gases, clouds, 871 
aerosols and surface properties from UV/vis/NIR satellite instruments, J. Opt. A: Pure Appl. Opt., 872 
10, 104019. 873 
874 
Welton, E. J., J. R. Campbell, J. D. Spinhirne, and V. S. Scott (2001), Global monitoring of clouds 875 
and aerosols using a network of Micro-Pulse Lidar systems, In Lidar Remote Sensing for Industry 876 
and Environmental Monitoring, U. N. Singh, T. Itabe, and N. Sugimoto (Eds.), Proc. SPIE, 4153, 877 
pp. 151-158. 878 
879 
Wilson, S. R., and B. W. Forgan (1995), In situ calibration technique for UV spectral radiometers, 880 
Appl. Opt., 34, 24, 5475-5484. 881 
882 
Xu, X., J. Wang, J. Zeng, R. J. D. Spurr, X. Liu, O. Dubovik, L. Li, Z. Li, M. I. Mishchenko, A. 883 
Siniuk, and B. N. Holben (2015), Retrieval of aerosol microphysical properties from AERONET 884 
photopolarimetric measurements: 2. A new research algorithm and case demonstration, J. 885 
Geophys. Res., 120, 7079-7098. 886 
887 
Yamamoto, G., M. Tanaka (1969), Determination of aerosol size distribution from spectral 888 
attenuation measurements, Appl. Opt., 8, 447-453. 889 
890 
Yang, K., S. A. Carn, C. Ge, J. Wang, and R. R. Dickerson (2014), Advancing measurements of 891 
tropospheric NO2 from space: New algorithm and first global results from OMPS, Geophys. Res. 892 
Lett., doi:10.1002/2014GL060136. 893 
894 
Zoogman, P., X. Liu, R. M. Suleiman, W. F. Pennington, D. E. Flittner, J. A. Al-Saadi, B. B.895 
Hilton, D. K. Nicks, M. J. Newchurch, J. L. Carr, S. J. Janz, M. R. Andraschko, A., Arola, B. D. 896 
Baker, B. P. Canova, C. Chan Miller, R. C. Cohen, J. E. Davis, M. E. Dussault, D. P. Edwards, J. 897 
Fishman, A. Ghulam, G. G. Abad, J. Kim, N. A. Krotkov, L Lamsal, C. Li, A. Lindfors, R. V. 898 
Martin, C. T. McElroy, C. McLinden, V. Natraj, D. O. Neil, C. R. Nowlan, E. J. O’Sullivan, P. I. 899 
Palmer, R. B. Pierce, M. R. Pippin, A. Saiz-Lopez, R. J. D. Spurr, J. J. Szykman, O. Torres, J. P. 900 
Veefkind, B. Veihelmann, H. Wang, J. Wang, and K. Chance (2017), Tropospheric emissions: 901 
Monitoring of pollution (TEMPO), J. Quant. Spectrosc Ra, 186, 17-39. 902 
903 
Zong, Y., S. W. Brown, B. C. Johnson, K. R. Lykke, and Y. Ohno (2006), Simple spectral stray 904 
light correction method for array spectroradiometers, Appl. Opt., 45, 6, 1111-1119. 905 
